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Abstract: Travertine rocks are currently used in various architectural applications, cut perpendicular or parallel to bedding planes.
Travertine stones used without enough attention paid to the cutting directions easily wear off in locations where pedestrian traffic is
heavy and can cause some unexpected complications in practice. This study was conducted to elucidate the effects of cutting directions on
the abrasion resistance of travertine stones. Travertine blocks were cut perpendicular and parallel to bedding planes, and their abrasion
resistances were determined by means of the Böhme abrasion loss test. Travertine blocks were chosen from 6 different quarries whose
products are currently in commercial use in Turkey and abroad. The rocks used in this study were macroscopically and microscopically
described in terms of sizes, distribution patterns, and area ratios of pores, which were calculated using image analysis technique; the
effects of these features on the abrasion resistances of the samples were expressed numerically. The relationships between pore area
ratios and the Böhme abrasion loss values, in relation to the bedding directions, were also studied. The issues of cutting travertine rocks
perpendicular or parallel to their bedding planes and how to extend the lifespan are also discussed. According to the findings, surface
abrasion losses in all travertine samples cut perpendicular to their bedding plates were found to have been less than those of the samples
cut parallel. Moreover, sizes and distribution patterns of the pores were found to be effective on the abrasion resistance; the pores on the
surfaces cut perpendicular were smaller in size, flatter, and discontinuous, while the pores on the surfaces cut parallel were relatively
greater in size, connected to each other, and with larger surface areas.
Key words: Travertine, cutting direction, bedding plane, Böhme abrasion loss, image analysis

1. Introduction
Travertines are widely used across the globe in building
materials since they are found abundantly and have
distinct decorative characteristics. They have had a broad
range of use in architectural applications throughout
history, including in government buildings, healthcare
facilities, hotels, and restaurants. The Magna Graecia
region (e.g., the Temple of Hera and the Temple of Segesta,
Italy), Anatolia (e.g., Hierapolis, Turkey), and Rome are
notable locations where remains of ancient travertinebuilt buildings can be found (Pedley, 2009). The architects
of the Roman Empire used travertine in a number of
celebrated buildings throughout its territory, especially
in the city of Rome, such as the Temple of Concord,
the Coliseum, the Ponte Sant’Angelo, and the Castel
Sant’Angelo (Jackson et al., 2005; Pentecost, 2005). Local
red travertine was used to build Spain’s Roman Theater
of Carthago Nova (Soler Huertas, 2005), while Hungary’s
aqueducts and amphitheaters in Budapest (Török, 2006a,
2006b) are also some historic travertine-made buildings.
The 17th century colonnades in St. Peter’s Square in the
Vatican, the 18th century Trevi Fountain in Rome, the
* Correspondence: vgokce@nigde.edu.tr

196

19th century Parliament Building in Budapest, and the
20th century monument to Victor Emmanuel II in Rome
are some more recent examples of the architectural use
of travertine in buildings. In the 20th and 21st centuries,
Roman travertine was exported to the United States and
used in the J. Paul Getty Museum Building in Los Angeles
and the Lincoln Center in New York (Sidraba et al., 2004).
Today, Turkey is one of the major suppliers of travertine to
the United States and other countries.
Travertines are hot-spring-sourced carbonate deposits
characterized by high porosity, different colors, and a
fine-grained banded structure. They are generally found
in fault zones, in karstic caves, and around spring cones,
being deposited by oozing or spring waters containing
Ca2+ and CO32- (Pentecost, 2005). The use of travertine
is closely related to its chemical, morphological, and
industrial characteristics (Ayaz, 2002). The morphological
characteristics are crucial for touristic purposes while the
chemical and mechanical characteristics are important
for industrial use (Wilson, 1979; Chafetz and Folk,
1984). Industrially, travertines can be used as building
materials, especially for cladding and flooring purposes, as
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ornamental objects, and as raw material for cement and
lime.
Turkey has an appropriate geological structure for the
formation of travertine deposits. This allows the country to
have 8 different types of travertine deposits depending on
the morphology of the rocks. These types can be classified
as follows: terraced-mound type, fissure-ridge type, dome
type, layered type, vein type, range front type, self-built
channel travertines, and cave type travertines (Bargar,
1978; Chafetz and Folk, 1984). Turkey has approximately
1 × 109 m3 of travertine reserves (Altunel and Hancock,
1983; Tutuş, 2009). Recently, the Turkish building and
construction industry has undergone rapid development
at both national and international scales. Consequently,
travertine demand for this sector has progressively
increased.
Material characteristics and engineering properties of
travertines were investigated by a number of researchers
(Yaşar and Erdoğan, 2004; di Benedetto et al., 2005;
Kahraman and Yeken, 2008; Demirdag, 2009; Yağız, 2009;
Dehghan et al., 2010). Some of these researchers defined
the basic engineering properties of travertines, limestones,
and marbles and found statistical relationships between
physical and mechanical properties of these rock types
(Yaşar and Erdoğan, 2004; Kahraman et al., 2008; Yagiz,
2009). Dehghan et al. (2010) carried out a series of tests
to predict uniaxial compressive strength and modulus
of elasticity of travertines using statistical analysis and
artificial neural networks. Erdoğan (2011) studied the
engineering properties of travertines in Turkey and
found these properties to be compatible and useful for
flooring, cladding, and construction purposes. Some
researchers studied the effects of cutting direction on the
performances of sawing machines. According to these
studies, the energy consumed for cutting travertines
parallel to the bedding planes was less than that consumed
for cutting perpendicular to the planes (Ersoy et al., 2005).
In this context, the relationships between the angles of the
bedding planes and various variables (such as the strength
of the rock , unit weight, cutting rate, specific energy,
and vibration) were investigated and the efficiency of
diamond wire cutting was found to be sensitive to the rock
anisotropy, revealing that the cutting operations should
be performed parallel to the bedding planes in terms of
economics (Ozcelik and Yilmazkaya, 2011).
Travertines are commonly cut and used either
perpendicular or parallel to their bedding planes. In
industrial applications, parallel cutting is denominated
as ‘normal cutting’ while perpendicular cutting is
denominated as ‘American cutting’. Due to the bedded
structural characteristics, travertines are included in the
most distinct anisotropic rock groups. Many researchers
have studied the anisotropy of various rocks; for example,
Donath (1964), Hoek (1968), McLamore and Gray (1967),

and Attewell and Sandford (1974) studied shale and slates;
McCabe and Koerner (1975), Nasseri et al. (1997, 2003),
Singh et al. (2001), and Saroglou and Tsiambaos (2008)
studied gneiss and schist; Ramamurty et al. (1988) studied
phyllite; Al-Harthi (1998) and Colak and Unlu (2004)
studied sandstones; and Lashkaripour (2002) studied
mudstone and siltstone. According to their findings, the
strength variation against the orientation angles generally
presents a U-shaped pattern.
Travertines are prevalently used not only as cladding
material, but also for flooring purposes in various
architectural applications. For this reason, abrasion
resistance is quite essential from the point of view of the
lifetime and aesthetics of a building. Cutting direction
is one of the most important parameters when abrasion
resistance is the subject. However, a comprehensive study
has not yet been done regarding this issue. In this study,
the effects of cutting directions on abrasion parameters
of 6 types of widely used anisotropic travertine rocks
were experimentally investigated. The effects of cutting
directions on abrasion resistance were supported by visual
observations of some architectural applications in Turkey.
2. Experimental procedures
Travertine samples were obtained from 6 different
locations in Turkey (Figure 1). In this country, travertine
is the most common rock type, whose age ranges from the
Neogene to the Quaternary. Samples were obtained for
macroscopic-petrographic description and physical and
abrasion loss experiments. Names of travertine samples
and their locations are given in Table 1. Macroscopic and
petrographic studies were carried out on the samples first.
In terms of physical characteristics, unit weights, values of
porosity, void ratio, and water absorption by weight and
volume were determined. Image analyses were made from
surface images of the samples and pore distributions and
their rates were determined. The Böhme abrasion loss test
was performed to determine the effects of cutting direction
on the abrasion parameter.
2.1. Macroscopic and petrographic properties
To describe petrographic characteristics of the samples,
rectangular blocks of 3 × 2 × 2 cm in size obtained from
each sample were immersed in resin until the pores were
filled. Following the hardening process, 12 thin sections
were obtained in total, being parallel and perpendicular
to the bedding planes. Thin sections were investigated,
described, and photographed with a Nikon polarized
microscope. In addition, macroscopic descriptions were
made based on polished and varnished blocks.
2.2. Physical and mechanical properties
2.2.1. Unit weight
To determine the unit weights, trimmed core samples
were used. The volumes of specimens were calculated
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Figure 1. Location map of quarries of the experimental samples.
Table 1. Codes, locations, and areas of use of the travertine samples investigated in the study.
Sample code

Location

Area of application

1 (51)

Nevşehir

Hotels, countertops and bars, water walls and fountains, etc.

2 (06)

Nevşehir

Government building, restaurants, panels, water walls and fountains, etc.

3 (18)

Konya / Seydişehir

Government buildings, building exteriors, mosques, interior wall panels, etc.

4 (31)

Konya / Seydişehir

Spas and saunas, healthcare facilities, countertops and bars, etc.

5 (66)

Konya / Ereğli

Spas and saunas, healthcare facilities, exterior building cladding, panels, etc.

6 (38)

Denizli

Hotels, restaurants, building stairs, interior wall panels, government buildings, etc.

from an average of several caliper readings. The weights
of the specimens were determined with a balance capable
of weighing to an accuracy of 0.1%. The unit weight values
were obtained from the ratios of the specimen weights to
the volumes.
2.2.2. Porosity and pore ratio
Porosity and pore ratio values were determined using
saturation and caliper techniques. NX-size core samples
were used in the tests. For the porosity and pore ratio tests,
6 samples were used from each travertine type.
2.2.3. Water absorption by weight and volume
The samples were first dried in a ventilated oven heated to
105 °C for at least 24 h until a constant mass was reached.
Samples were then saturated in a vacuum by immersing
them in water. In order to designate the duration required
for the completion of water migration into the samples,
some were inundated and stored in a humid room with
about 90% to 100% relative humidity. The water contents
of the samples were then determined at known time
intervals as suggested by the International Society for
Rock Mechanics (ISRM, 2008).
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2.2.4. Uniaxial compressive strength test
Uniaxial compressive strength tests were conducted on
prepared core samples, which had a diameter of 54 mm
and a length-to-diameter ratio of 2–2.5. The stress rate
was applied within the limits of 0.5–1.0 MPa. Nine tests
were conducted for each travertine type and the average
value of the tests was recorded as the uniaxial compressive
strength.
2.3. Böhme abrasion procedure and properties
Cubical samples of 71 × 71 × 71 mm in size were used
to determine Böhme abrasion loss values. The abrasion
system involved a 750-mm steel disk rotating at a speed
of 30 cycles per minute with a solid steel counterweight
applying a stress of 300 N. Twenty grams of abrasion dust,
crystalline corundum Al2O3, was spread on the disk on
which the sample was placed. The load was applied to the
sample and the disk was twirled for 22 cycles. The surfaces
of the disk and the samples were cleaned and the procedure
was repeated 20 times, thus reaching a total of 440 cycles.
Ten cubic samples were prepared for each travertine group;
5 of them were used for the surfaces cut perpendicular to
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the bedding planes while the other 5 cubes were used for
those cut parallel.
The cubic samples were placed on the test disk so as to be
parallel and perpendicular to the bedding planes, as shown
in Figure 2. Only 4 surfaces with the same characteristics
were used for the experiments in which the surfaces were
perpendicular to the bedding planes. Meanwhile, 2 surfaces
of the same characteristics were used for the experiments in
which the surfaces were parallel to the bedding planes. In
other words, a sample used to determine the abrasion values
of the surfaces parallel to the bedding planes were not used
to determine those of the perpendicular ones. Completing
the test, the average volume loss was recorded as the Böhme
abrasion loss value for each travertine samples based on
standard EN 14157 (British Standards Institution, 2004).
2.4. Image analysis
To determine pore distribution more effectively, 14 thin
slices were cut from each sample. The surface images
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Figure 2. (a) Sample placed on the abrasion disk perpendicular
to the bedding plane, (b) sample placed on the abrasion disk
parallel to the bedding plane.

of the sliced samples were obtained by scanning at
resolution quality of 1200 dpi to be used for the image
analysis program. The surfaces of the travertine samples
were filled with blue filling material to improve the
quality of image capture. The images obtained in the test
program were preprocessed to enhance the delineation
between the travertine and the pore spaces in the
specimens as captured from the travertine surfaces.
Image preprocessing allowed obtaining the representative
depiction of the areas occupied by the travertine particles
and the pore spaces with high contrast for quantitative
calculations. The preprocessing was conducted using the
Image Pro Plus 6.0 program. An example of the evolution
of a raw image through preprocessing is presented in
Figure 3. The raw image is presented in Figure 3a. The
surface image of the sample with pores filled with blue
filling material is presented in Figure 3b. Initially, each
image was subjected to a 2-step filtering process for noise
reduction in the images and to remove isolated erroneous
pixels (Castleman, 1996; Coster and Chermant, 2001).
A median filter was applied to the raw image to smooth
it by modifying the pixels that varied significantly from
their surroundings and to remove random, high-impulse
noise from the image. A low-pass filter was then applied
to make details more explicit in preparation for object
segmentation and to eliminate random image noise. The
filtered images and measured pore areas were transformed
into gray scale using the HSI (hue, saturation, intensity)
color model (Figure 3c).
The preprocessed images were further developed by
image segmentation to locate and delineate the salient
image regions for investigation, including recognizing
particles and pores and delineating the boundaries
between the particles and pore spaces. Finally, the image
was masked; the particles were colored black and the
pores were colored white to assist with visualization and
quantification of the pore structures of the travertine
specimens (Figure 3d).
The pore area ratio (PAR) parameter was introduced
to quantify the pore structure of the travertine specimens
on the images. PAR was calculated as:
PAR = (Ap / At) × 100,
where Ap is the area of the pores in the analyzed image
section and At is the total area of the image section and
PAR was provided as percentage.
3. Image samples from architectural applications
In Figure 4, images taken from some architectural
applications in which travertine rocks were used for
flooring purposes and stairs in Turkey are given to
show the abrasion effects of cutting directions. From
the photographs, it can easily be seen that travertines
cut parallel to their bedding planes were exposed to
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Figure 3. Image preprocessing, segmentation, and masking (a–d).

high degrees of abrasion when used for floorings, stairs,
and doorsteps (Figures 4a–4e). However, travertines cut
perpendicular to their bedding planes were seen to not
have had much abrasion loss (Figure 4d). Additionally,
from the photographs, the pores on the surfaces of the
travertines cut parallel to their bedding planes are seen to
be more in number and larger in area, while those on the
surfaces of travertines cut perpendicular to their bedding
planes are less in number and smaller in area.
These photographs also suggest that project
implementers do not care about or are not aware of the
effects of the cutting direction on the abrasion process of
the rock, because, to the best of the author’s knowledge,
this kind of research has not yet been conducted on
the issue to date. For this reason, this research provides
necessary and comprehensive data to fill this lack of
information in this field. In short, cutting direction is the
basic reason for the differences of abrasion loss. Abrasion
losses are generally observed along the contours of the
pores, and along the bedding planes as flaking.
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4. Results and discussion
4.1. Macroscopic and petrographic properties
Travertine rocks reveal a common sedimentary structure
that consists of explicit parallel layers also known as
bedding. This is the distinctive characteristic of travertine
rocks. Regarding the samples used in the tests, the
following observations can be made (Figures 5a–5l): the
perpendicularly cut surfaces of samples number 1 and
2 are approximately of the same textural features and
display a thin-layered, less porous bedded texture (Figures
5a and 5c), while parallel cut surfaces of the same samples
are yellowish and whitish in color with regard to the
cutting region and do not display the bedding layers on
the surfaces since they were cut parallel to the bedding
planes (Figures 5b and 5d). Samples number 3 and 4
display similar features; both faces cut along different
directions are brown in color. Thick layers are observed
on the perpendicularly cut surfaces of both samples
(Figures 5e and 5g). On the other hand, parallel cut
surfaces have wide pores and are whitish and brownish
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Figure 4. Some examples for abrasion of travertines cut parallel and perpendicular, used as flooring and
doorsteps from Turkey: (a, b) Ataturk Monument, Sivas; (c) school building, Konya; (d) city square, Sivas;
(e) Şerafettin Mosque, Konya.

in color (Figures 5f and 5h). The other 2 remaining samples
are of similar characteristics and the calcite crystals are
micritic (Figures 5i–5l). They differ from the other samples;
the bedding planes of samples number 5 and 6 are not clearly
visible on the surfaces cut perpendicular (Figures 5i and 5k),
while on the parallel cut surfaces of samples 5 and 6, small
pores are almost homogeneously distributed on the entire
surface (Figures 5j and 5l). Bedding planes are quite clear in
the first 2 samples and moderately clear in samples 3 and 4.
In samples 5 and 6, bedding planes are not so clear.

4.2. Physical properties
Results regarding the physical properties achieved by the
experimental studies are given in Table 2. According to the
test results, the maximum unit weight and the maximum
dry unit weight obtained from sample 2 are 24.69 kN/m3 and
24.66 kN/m3, respectively, while the minimum unit weight
and the minimum dry unit weight obtained from sample 5 are
20.59 kN/m3 and 20.12 kN/m3, respectively. The maximum
porosity, being 9.09%, was obtained from sample 5, while the
minimum, being 1.42%, was obtained from sample 2.
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Figure 5. Perpendicularly and parallel cut surface images of the samples for which petrographic descriptions were made:
(a, b) sample 1 (51); (c, d) sample 2 (06); (e, f) sample 3 (18); (g, h) sample 4 (31); (i, j) sample 5 (66); (k, l) sample 6 (38).

Table 2. Average physical properties of the investigated travertine samples.

Physical characteristics

(1) 51

(2) 06

(3) 18

(4) 31

(5) 66

(6) 38

Unit weight (kN/m3)

24.04

24.69

23.06

23.45

20.59

22.52

Dry unit weight (kN/m3)

24.00

24.66

23.04

23.40

20.12

22.51

Porosity (%)

2.85

1.42

2.58

2.36

9.09

2.94

Void ratio (%)

2.90

1.40

2.70

2.40

10.00

3.00

Water absorption by weight (%)

1.16

0.57

1.10

0.99

4.43

1.28

Water absorption by volume (%)

2.85

1.42

2.58

2.36

9.09

2.94

Mechanical properties
Uniaxial comp. strength (MPa)
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Sample codes

Sample codes
(1) 51

(2) 06

(3) 18

(4) 31

(5) 66

(6) 38

38.40

40.17

35.80

39.63

19.36

38.83
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Highly porous

10–15

Extremely porous

>20

If the samples are classified with regard to the porosity
results based on Table 3 (Moos and Quervain, 1948),
then the travertines in samples 2 and 4 can be assessed as
less porous with 1.42% and 2.36% porosity, respectively.
Samples 3, 7, 1, and 6 are moderately porous with 2.58%,
2.83%, 2.85%, and 2.94% porosity, respectively, and sample
5 is quite porous with 9.09% porosity.
According to the pore ratio results, the minimum pore
ratio observed in sample 2 is 1.42%; the maximum, obtained
from sample 5, is 10.00%. On the other hand, 0.57% water
absorption by weight was obtained as the minimum in
sample 2, and 4.43% was obtained as the maximum in
sample 5. Similarly, values of water absorption by volume
were determined as minimum and maximum in samples
2 and 5 at 1.42% and 9.09%, respectively. The porosity
values, the pore ratios, and the water absorption by weight
and volume are within a wide range, varying between 1%
and 10%.
4.3. Mechanical properties
The results regarding mechanical properties achieved
by the experimental studies are also given in Table 2.
According to the test results, the maximum uniaxial
compressive strength, being 40.17 MPa, was obtained
from sample 2, while the minimum, being 19.36 MPa, was
obtained from sample 5.
4.4. Effects of bedding planes on Böhme abrasion loss
The results of Böhme abrasion loss tests performed on
the surfaces cut both parallel and perpendicular to the
bedding planes are given as a bar graph in Figure 6.
In this context, when abrasion losses are considered
for all samples, it can be seen that the maximum losses
were recorded from sample 4 both for parallel and
perpendicular cutting with the values 31.08 cm3/50 cm2
and 24.77 cm3/50 cm2, respectively, while the minimum
loss was recorded from sample 1 for perpendicular cutting
with the value 8.21 cm3/50 cm2. Meanwhile, the minimum
loss for parallel cutting was obtained from sample 2 at
11.75 cm3/50 cm2.
Böhme abrasion loss values were evaluated for each
sample. According to this approach, the Böhme abrasion

10

31.08

20.56

5–10

13.24

Quite porous

15

21.35

2.5–5

14.33

Moderately porous

20

24.77

1–2.5

21.07

Less porous

25

10.85

<1

10.03
11.75

Highly compact

Parallel

30

14.19

Porosity (%)

Perpendicular

35

8.21

Rock class

40
Böhme abrasion loss (cm 3/50 cm2 )

Table 3. Classification of rocks with regard to their porosities
(Moos and Quervain, 1948).

5
0

1

2

3
4
Sample number

5

6

Figure 6. The Böhme abrasion loss test results with regard to the
bedding planes (cm3/50 cm2).

loss of sample 1 for parallel cutting was 14.19, while for
perpendicular cutting it was 8.21, the difference between
these values being 5.98. Similarly, it was observed that the
loss values on the surfaces cut parallel and perpendicular
for sample 2 were different, being 11.75 and 10.03,
respectively, but the variation between these 2 values was
not significant, being 1.72. There was a similar relationship
in sample 3. The abrasion loss on the surface cut parallel
was 21.07 and the loss on the surface cut perpendicular was
10.85; the difference between them was 10.22. For sample
4, which had the highest abrasion losses, the loss on the
surface cut parallel was 31.08 and the loss on the surface
cut perpendicular was 24.77; the difference between
the 2 values was 6.31. The same relationship existed for
sample 5; the loss for parallel cutting was 21.35, while
for perpendicular cutting it was 14.33. The difference of
abrasion loss values for the 2 directions was 7.02 for this
sample. As with all the previous samples, the loss values for
parallel and perpendicular cuttings for sample 6 differed
and were found to be 20.56 and 13.24, respectively. This
difference between the loss values for cutting directions
was reasonably high, being 7.32 (Table 4).
When parallel and perpendicular cuts and the
differences among the Böhme abrasion loss values were
studied, the lowest value was obtained from sample 2, while
the highest value was obtained from sample 3. In addition,
there was no meaningful statistical relationship when the
cutting types and the differences between abrasion losses
were compared to some basic physical characteristics
of the samples such as unit weight, porosity, and water
absorption rate. This is thought to be due to the textural
characteristics of travertine rocks.
4.5. Image analysis
When the samples were macroscopically investigated, it was
observed that the pores exhibited irregular distributions
and were not connected. On the other hand, when the
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Table 4. Böhme abrasion loss values for cutting directions.

Sample code and origin

Böhme abrasion loss (cm3/50 cm2)
Perpendicular cutting

Parallel cutting

Abrasion difference

(1) 51 Nevşehir

8.21

14.19

5.98

(2) 06 Nevşehir

10.03

11.75

1.72

(3) 18 Konya / Seydişehir

10.85

21.07

10.22

(4) 31 Konya / Seydişehir

24.77

31.08

6.31

(5) 66 Konya / Ereğli

14.33

21.35

7.02

(6) 38 Denizli

13.24

20.56

7.32

Table 5. Values of pore area ratio for perpendicular and parallel cutting types and normal porosity values of the
samples.

Sample code

Pore area ratio (PAR) PAR
PAR of perpendicularly cut surfaces

1 (51)

1.58

5.71

2.85

2 (06)

0.91

3.07

1.42

3 (18)

1.52

5.50

2.58

4 (31)

1.40

4.73

2.36

5 (66)

5.52

16.33

9.09

6 (38)

2.01

5.86

2.94

cut parallel for all samples. PAR and Böhme abrasion loss
values that were both calculated with regard to bedding
planes are presented on a single bar graph for all samples
in Figure 8. As the PAR values increased, so did the Böhme
abrasion loss values for all travertine groups.
Furthermore, the geometrical characteristics of the
pores and their distributions were evaluated from masked
images. The pores on the parallel cut surfaces were wider
and disorganized, while those on the perpendicularly cut

Normal porosity. n. %

samples were studied through the 2-dimensional images,
it was observed that the pores on the perpendicularly cut
surfaces were less in number and in area, and dispersed,
while those on the horizontally cut surfaces were more
in number and wider in area, and some of them were
interconnected. To show this qualitatively, high-resolution
images were obtained from both surfaces and the areal
sizes and distributions of the pores on the block surfaces
were determined by image analysis technique.
PAR was determined to be different for the surfaces cut
perpendicular and parallel, being higher for the surfaces
cut parallel and lower for those cut perpendicular (Table 5).
A statistical relationship of high correlation was observed
between the open porosities and the PAR values of the
surfaces cut parallel and perpendicular (Figure 7). The
more the open porosity increased, the more PAR values
calculated both on the parallel and perpendicularly cut
surfaces increased, and vice versa. When the PAR values
were controlled, the minimum value was observed to have
occurred on the perpendicularly cut surface of sample 2, as
0.91%, while the maximum was observed to have occurred
on the parallel cut surface of sample 5, as 16.33%. The PAR
values calculated for the surfaces cut perpendicular were
observed to be lower than those calculated for the surfaces
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Figure 7. Statistical relationships between normal porosities and
PAR values.
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Figure 8. Relationship between PAR (%) and Böhme abrasion loss values (cm3/50 cm2).

surfaces were smaller and arranged along a particular line,
the bedding plane (Figure 9).
For each group of samples, the values of PAR and
Böhme abrasion loss determined on the surfaces cut
parallel and perpendicular were evaluated. A concordant
relationship existed in all samples since Böhme abrasion
loss values increased as PAR values increased.

5. Conclusions
Travertine rocks have been used as building materials in
various architectural applications from ancient times to
the present for the same purposes. Travertine rocks are
used for buildings, being cut perpendicular or parallel to
their bedding planes since they exhibit considerable visual
variations depending on the cutting direction. It is seen

a

b

c

d

Figure 9. (a) Surface image of sample 3, cut parallel; (b) masked surface image of
sample 3, cut parallel, (c) surface image of sample 3, cut perpendicular, (d) masked
surface image of sample 3, cut perpendicular.

205

GÖKÇE / Turkish J Earth Sci
that travertine rocks used particularly in floors, and especially
those of historical buildings, are exposed to different levels
of abrasion loss. To quantitatively and qualitatively reveal
the reasons for the differences in wearing trends of the
rock, samples of bedding plates were taken from 6 different
travertine quarries in Turkey for study. The Böhme abrasion
loss value and the fundamental physical characteristics of the
samples were determined, petrographic descriptions were
made, and distributions and areas of the pores on the surfaces
of the samples were studied with the help of the image analysis
technique.
Based on the analyses, the following main conclusions
were drawn:
The pores on the surfaces cut parallel to their bedding
planes were observed to be greater in size, wider in area,
and interconnected, while the pores on the surfaces cut
perpendicular to their bedding planes were disorganized,
smaller in size, and narrower in area. The difference in
abrasion loss is thought to be due to this feature.
PAR was determined to be different for the surfaces cut
perpendicular and parallel, being higher for the surfaces cut
parallel and lower for those cut perpendicular. A statistical
relationship of high correlation was observed between the
open porosities and the PAR values of the parallel cut surfaces.

When the samples were evaluated, a linear relationship
was seen between PAR and Böhme abrasion loss values
of the samples cut perpendicular and parallel. PAR
and Böhme abrasion loss values for the surfaces cut
perpendicular were found to be lower, while those for the
surfaces cut parallel were found to be higher.
Consequently, for all the samples studied, the values
of Böhme abrasion loss on all the surfaces cut parallel to
the bedding plane were found to be greater than those
on the surfaces cut perpendicular. For this reason, in
all architectural applications where pedestrian traffic
is expected to be heavy, travertine rocks to be used for
flooring purposes are advised to be cut perpendicular to
their bedding planes from the point of view of economy
and total lifetime. However, when they are cut parallel to
their bedding planes, they serve as unwonted visual feasts
to the eye with their rich, organic textural appearances
curved deep and shallow, untouched by man and shaped
by nature. Considering this feature inherited from the very
beginning of their existence on earth, any practitioner
working on travertine rocks is advised to use parallel
cut travertine stones for cladding purposes to get the
maximum aesthetical impact.
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